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Abstract
Adjusting nucleation conditions, an effective shape and size control in the 
preparation of single-crystal lithium niobate nanoparticles by aerosol-assisted 
chemical vapor deposition method was demonstrated. The effect of the most 
relevant parameters leading to nanocrystals taking a specific shape or size once they 
are synthesized was analyzed. This has allowed us to demonstrate that it is possible 
to control the size and morphology of particles prepared adjusting the nucleation 
conditions. The synthesized nanocrystals showed different morphologies including 
quasi-cubic, tetrahedral, polyhedral, and hexagonal shapes, with characteristic 
sizes ranging from a few tens to a few hundred nanometers. However, rod-like 
structures with characteristic lengths ranging from 3 to 5 μm were also obtained. 
The structural and morphological characterization by X-ray diffraction and high-
resolution electron microscopy techniques revealed the single-crystal nature of the 
synthesized particles.
Keywords: LiNbO3 nanocrystals, aerosol-assisted chemical vapor deposition, 
nanomaterials, niobates, ferroelectric materials
1. Introduction
Lithium niobate (LiNbO3) has been one of the most prominent and widely 
studied ferroelectric materials in the last decades. Their extraordinary pyroelectric, 
piezoelectric, and strong nonlinear optical properties have turned it into a key 
material in photonics and integrated optics [1–4]. The diverse, large-magnitude 
physical properties of LiNbO3 (LN) have allowed it to be used in information stor-
age and processing [5], in optical channel waveguides [6, 7], and in electro-optical 
modulation [8].
Moreover, in the last decade, a great interest has arisen for the synthesis of 
nanosized LN, including nanowires and nanoparticles [9–15]. This growing inter-
est in the synthesis of nanoscale materials is originated by their new properties 
with potential technological application arising from the dimensional confinement 
[16, 17]. In view of that, in this research we describe in detail the synthesis and the 
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morphological and structural characterization of LN nanoparticles using high-
resolution electron microscopy techniques.
To obtain LN particles, several synthesis routes have been reported in literature, 
which have resulted in different shapes, sizes, and degree of crystallinity. Flake-
shaped LN nanocrystals with 40–100 nm in diameter and LN anisotropic nanorods 
with lengths up to 100 and 7 nm diameters have already been obtained by hydro-
thermal route and by solution-phase synthesis [18–20]. By coprecipitation method 
LN particles have been synthesized with a loosely porous packed shape [21]. 
Furthermore, using sol-gel method, powders that after thermal treatment present 
the crystalline phase of LN with sizes lower than 100 nm and a roughly spherical 
geometry have been synthesized [22]. Under solvothermal conditions cubic and 
sphere-like LN nanoparticles have been prepared [23]. Nevertheless, there are still 
some important challenges to be solved such as growth direction, size and shape 
control, and degree of crystallinity.
The aim of this research is to describe in detail the synthesis process of LN 
nanocrystals, to present their morphology and structural characteristics, and also 
to demonstrate that it is possible to control the size and morphology of LN nano-
crystals synthesized by the aerosol-assisted chemical vapor deposition method 
(AACVD). We describe a detailed characterization of the LN particles synthesized, 
including an analysis of the nucleation conditions that allow the control of their 
size and morphology. We have analyzed the effect of the most relevant parameters 
leading to the nanocrystals taking a specific shape or size when synthesized by the 
AACVD method. It was observed that depending on the exact conditions of the 
synthesis process, nanocrystals showed different morphologies including quasi-
cubic, tetrahedral, polyhedral, and hexagonal shapes, with characteristic sizes 
ranging from a few tens to a few hundred nanometers or even rod-like particles 
with characteristic lengths ranging from 3 to 5 μm. The nanocrystals prepared 
were characterized by grazing incidence X-ray diffraction (GIXRD), scanning 
electron microscopy (SEM), and high-resolution transmission electron microscopy 
(HRTEM).
2. Experimental procedure
The LN nanocrystals were prepared following the same procedure used to obtain 
a thin film by the AACVD method as described in Refs. [24, 25]. That is, a silicon 
(0 0 1) or sapphire (1 1 0) substrate (1.5 × 1.5 cm2) was used as a support medium 
for nanoparticle growth. In the LN nanoparticles’ synthesis process, the determina-
tion of the deposition conditions was based on the route used in Ref. [26] to prepare 
a LN thin film. Nevertheless, some of the nucleation conditions useful for growing 
LN thin films were modified or optimized to obtain LN nanocrystals. Silicon was 
selected as substrate in order to combine its electronic advantages with the LN 
piezoelectric properties and optical processing capabilities. Concerning the sapphire 
substrate, its lattice parameters similar to LN enable the hetero-epitaxial growth 
of LN piezoelectric particles, i.e., with their atomic planes built following the same 
crystallographic orientation of the atomic planes on the substrate surface [26].
In order to evaluate possible changes in the crystalline structure, size, and mor-
phological characteristics of the LN particles synthesized, two deposition systems 
were used, one with a fixed and the other with a mobile nozzle. In both cases the 
nozzle discharge surface was 1 mm × 150 mm.
The fixed nozzle deposition system uses an ultrasonic nebulizer working at 
2.4 MHz to generate the aerosol precursor solution which is conveyed by a car-
rier gas (dry and clean air) and directed toward the substrate by the nozzle. The 
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substrate is directly in contact with a metallic plate heated at the selected tempera-
ture. The general properties and details of the deposition systems are published 
elsewhere [25]. The nanocrystals were prepared at different temperatures covering 
the range from 653 to 783 K. In order to determine the optimal conditions to obtain 
LN nanocrystals keeping control of the size and shape, we also varied the carrier 
gas flow, the nozzle-to-substrate distance, and deposition time. The other deposi-
tion system is very similar to the system described above, except for the use of a 
mobile nozzle which describes a back-and-forth movement at constant velocity 
(~ 1 cm min−1) to scan the whole surface of the substrate. By varying the total 
number of scans, we obtained particles of different sizes. The starting solutions 
for feeding the ultrasonic nebulizer which generates the aerosol precursor were 
dilutions of niobium ethoxide (99.95% Sigma-Aldrich) and lithium acetylacetonate 
(97% Sigma-Aldrich) in methanol or ethanol, using concentrations from 0.01 to 
0.1 mol l−1.
The morphological and structural characterization of the LN nanocrystals 
obtained was completed by GIXRD, SEM, and HRTEM. The crystalline phases pres-
ent in nanoparticles were determined by GIXRD patterns in a Panalytical X-Pert 
system using Cu Kα radiation (λ = 0.15418 nm) at 40 keV and 35 mA. The grazing 
incidence angle was fixed at 0.5°, and the scanning angle 2θ was varied from 20 to 
80° at 0.1°min−1 intervals. The surface morphology was studied by field emission 
SEM using a JEOL JSM-7401F operated at 2 kV.
3. Results and discussion
3.1 Synthesis
We accomplished a systematic variation of the nucleation conditions used in 
nanocrystals growth process, including substrate type and temperature, carrier 
gas flux of the precursor aerosol, nozzle-to-substrate distance, and solvent type 
(methanol or ethanol) used to prepare the precursor solution.
The LN nanocrystals obtained showed different sizes and morphologies includ-
ing multifaceted shapes, quasi-cubic shapes, tetrahedral shapes, diamond-like poly-
hedrons, hexagonal prism shapes, or hexagonal rod-like shapes depending on the 
exact nucleation conditions used in the synthesis process. In fact, a large number of 
deposition cycles were carried out by AACVD method on silicon (0 0 1) or sapphire 
(1 1 0) substrates, to investigate the possibility of obtaining LN particles with dif-
ferent shapes and sizes. Some representative LN structures synthesized on silicon or 
sapphire substrates with both the fixed nozzle system and the mobile nozzle system 
are shown below. Figure 1(a)–(c) shows SEM micrographs describing the mor-
phology of some typical LN nanocrystals obtained using ethanol as solvent in the 
precursor solution. Figure 1(d)–(h) shows SEM micrographs of the morphology of 
some LN nanocrystals obtained dissolving precursor solution in methanol.
3.2 Morphological and structural characterization
It was found from a detailed analysis of the controlled nucleation conditions 
used in the crystalline structure growth process that substrate temperature is a par-
ticularly crucial parameter in the synthesis process. The optimal temperature range 
required to obtain LN crystals with faceted shapes was 653–783 K. Temperatures out 
of this range caused the formation of non-faceted particles with rock-like or island-
like shapes similar to a piece of thin film. The carrier gas flow magnitude was also 
decisive in the shape of LN crystals. Indeed, fluxes between 5 and 6 l/min led to the 
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formation of rod-like particles (Figure 1(a) and (b)), while fluxes between 2 and 
3 l/min led to faceted particles with polyhedral morphology or diamond-like shape 
(Figure 1(e)–(g)). The molar concentration of the precursors diluted in methanol 
or ethanol also had an important effect on the LN crystal shape and size. The use 
of low molar precursor concentrations in the solution to be sprayed of the order 
of 0.01–0.02 mol l−1 led to the formation of polyhedral diamond-like particles at 
773 K (Figure 1(e)), hexagonal prism shapes at 653 K (Figure 1(h)), or quasi-cubic 
shapes if the substrate is sapphire instead of silicon at 723 K (Figure 1(f )).
On the other hand, the use of methanol or ethanol as solvent in the precursor 
solution used in the synthesis process had a strong effect on the determination of 
LN particle morphology. This finding is in agreement with the results reported in 
Ref. [27] where the great influence of alcohols used as solvents on the morphology 
and size of iron oxide nanoparticles synthesized by sol–gel method is evinced. As 
shown in Figure 1, we obtained rod-like type I particles (Figure 1(a)–(b) samples 
LN11S and LN12S), polyhedral type II particles (Figure 1(c) sample LN30S), 
agglomerated polyhedral shape type III particles (Figure 1(d) sample LN77S), 
polyhedral diamond-like type IV particles (Figure 1(e) sample LN73S), quasi-cubic 
type V and tetrahedral type VI particles (Figure 1(f ) sample LN37SP), polyhedral 
type VII particles (Figure 1(g) sample LN53S), or even hexagonal prism type VIII 
particles (Figure 1(h) sample LN128S). Specifically, it was found that the use of 
Figure 1. 
(a)–(c) Typical LN nanocrystals obtained using ethanol as solvent in the precursor solution, and prepared on 
a Si substrate, (a) and (b) rod-like type I particles, (c) polyhedral type II particles. (d)-(h) Representative 
LN nanocrystals obtained dissolving the precursor solution in methanol. (d), (e), (g) and (h) prepared on 
a (001) Si substrate, and (f) on a (1 1 0) sapphire substrate. (d) Agglomerated polyhedral type III particles, 
(e) diamond-like polyhedral type IV particles, (f) a mix of quasi-cubic type V and tetrahedral type VI 
nanoparticles, (g) polyhedral type VII particles, and (h) hexagonal prism type VIII particles. (i), (j), (k) 
and (l) particles morphology showing the crystallographic orientation of the facets in selected particles of 
representative samples LN73S, LN37SP, LN53S and LN128S shown in Figure (e), (f), (g) and (h), respectively, 
reproduced using the software VESTA29 simulated according to the texture observed in the corresponding 
GIXRD results.
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methanol to dilute the precursor solution enables the formation of polyhedral 
type III, diamond-like polyhedral (type IV), quasi-cubic type V, tetrahedral type 
VI, and polyhedral type VII particles at the adequate temperature (653–773 K) 
(Figure 1(d)–(g)). However, the use of ethanol as solvent in the precursor solu-
tion enables the formation of extended rod-like particles and polyhedral type II 
particles, using the fixed nozzle deposition system (Figure 1(a)–(c)). Nevertheless, 
using methanol in the dilution of precursor and the mobile nozzle system, it is also 
possible to obtain hexagonal prism type VIII particles (Figure 1(h)). In addition 
to this, the specific characteristics of the synthesized LN particles also depended 
on the specific deposition system used. The fixed nozzle deposition system enables 
the production of rod-like particles (Figure 1(a)–(b)) and polyhedral type II 
particles (Figure 1(c)), due to the high amount of material sprayed into the sub-
strate. In contrast, the mobile nozzle system enables the production of polyhedral 
and diamond-like particles (Figure 1(c)–(e)). Moreover, in Figure 1(f ) it can be 
observed that it is possible to produce particles with quasi-cubic and tetrahedral 
morphologies, keeping the nucleation parameters close to the required values and 
changing only the type of substrate. It is clear then that the substrate crystallo-
graphic orientation plays an important role in the resultant morphology of synthe-
sized LN particles, since the crystallographic orientation of the sapphire substrate 
(1 1 0) was different to that of the silicon substrate (0 0 1) used. LN particles in 
sample LN37SP (Figure 1(f )) were synthesized on a sapphire substrate using a 
set of nucleation parameters very similar to those used to produce the particles 
in sample LN53S (Figure 1(g)). Furthermore, it was observed that under certain 
nucleation conditions, the synthesis of nanocrystals could finish in a continuous 
layer or thin film. Figure 1(h) shows six very large LN hexagonal structures over 
a continuous LN thin film obtained at a temperature of 653 K with the mobile 
nozzle system, using a carrier gas flow of 1 l/min, and a deposition time of 130 min. 
Figure 1(i)–(l) shows the particle morphology of samples LN73S, LN37SP, LN53S, 
and LN128S shown, respectively, in Figure 1(e)–(h) reproduced using the software 
VESTA [28] that additionally allowed us to determine the crystallographic orienta-
tion of these particle facets. The crystallographic facets of the particles in these 
figures were simulated according to the texture observed in their corresponding 
GIXRD results. Table 1 summarizes the nucleation conditions used to obtain some 
of the representative LN particles studied in this work.
The crystalline nature of some of the representative particles was verified 
from its GIXRD pattern. Figure 2(a)–(d) shows the comparison between GIXRD 
patterns for samples prepared with methanol labeled as LN53S, LN37SP, and LN73S 
with respect to the sample prepared with ethanol labeled as LN11S. The crystal-
line structure for these GIXRD patterns was related to lithium niobate, and the 
diffraction peaks were indexed through the JCPD 01-070-8451 file [29]. These 
results correspond to a rhombohedral phase with a R3c (161) space group. Other 
diffraction peaks labeled with asterisk correspond to the Si substrate, JCPD 00-027-
1402, and those with a cross to the sapphire substrate, JCPD 00-001-1305 [29]. The 
GIXRD pattern for the samples prepared with methanol showed two diffraction 
peaks denoted by (012) and (104). This result suggests the presence of a preferred 
growth orientation (texture) with respect to the sample which was prepared with 
ethanol. The presence of texture in sample LN73S prepared with methanol could be 
attributed to a combination of synthesis parameters during the sample preparation 
such as temperature, molar concentration, growth time, type of solvent, fixed or 
mobile nozzle system, air flux, etc. Furthermore, it can be seen in Figure 2(c) that 
the diffraction peaks in the GIXRD pattern in sample LN73S show a sharper and 
narrower profile than the diffraction peaks in the GIXRD pattern of sample LN11S 


















LN11S Silicon Ethanol 0.1 783 5 Fixed — 30
LN12S Silicon Ethanol 0.1 773 5 Fixed — 30
LN30S Silicon Ethanol 0.05 773 5 Mobile 0.2 120
LN37SP Sapphire Methanol 0.02 723 2 Fixed — 60
LN53S Silicon Methanol 0.02 723 2 Fixed — 120
LN73S Silicon Methanol 0.02 723 3 Mobile 1 60
LN77S Silicon Methanol 0.01 773 3 Mobile 1 40
LN128S Silicon Methanol 0.01 653 1 Mobile 1 130
Table 1. 
Nucleation conditions used to synthesize representative LN particles.
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In order to determine the particle mean crystal size in sample LN73S, we used 
the Scherrer equation:
  C = 0.9 λ / β cos θ (1)
where C is the mean crystal size, λ is the wavelength of CuKα (1.54 Å), β is the 
full width half maximum (FWHM) intensity corrected using LaB6 as the standard, 
and θ is Bragg’s angle of the selected peaks (=23.79 and 32.81°). The mean crystal 
size for particle in LN73S sample was 33.9 nm which matches the dimensions shown 
in the morphology micrographs evaluated by SEM.
GIXRD results were confirmed by HRTEM techniques preparing first a sample 
with a cross-section of some LN nanocrystals as those shown in Figure 1(e). 
Figure 2(e) shows a bright-field high-resolution TEM image of the interface 
between the Si substrate and a LN nanocrystal. The lattice fringe measurement 
(Figure 2(e)) was consistent with the interplanar distance of the (0 0 6), (1 1 0), 
and (1 1 3) family planes of the lithium niobate hexagonal phase [29]. The inset in 
Figure 2(e) shows a selected area electron diffraction pattern which confirms the 
existence of the hexagonal phase and the single-crystal nature of the LN particle 
shown in Figure 1(e).
4. Conclusions
We described in detail the synthesis process of LN nanocrystals prepared by 
AACVD method, and we analyzed the effect of the most relevant parameters 
leading to nanocrystals taking a specific shape or size once they are synthesized. 
This has allowed us to demonstrate that it is possible to control the size and mor-
phology of particles prepared adjusting the nucleation conditions. The synthesized 
nanocrystals showed different morphologies including quasi-cubic, tetrahedral, 
polyhedral, and hexagonal shapes, with characteristic sizes ranging from a few 
Figure 2. 
Comparison between GIXRD patterns for samples prepared with methanol labeled as (a) LN53C, (b) 
LN37SP, and (c) LN73S, respect to the sample prepared with ethanol labeled as (d) LN11S, other diffraction 
peaks labeled with asterisk correspond to the Si substrate and those with a cross to the sapphire substrate. (e) 
Bright field HRTM image of the interface between a LN nanocrystal such as shown in Figure 1(e) and a 
Si substrate showing the interplanar distance of the (0 0 6), (1 1 0) and (1 1 3) family planes of the lithium 
niobate hexagonal phase. In the lower half of the micrograph is shown a sharp interface between a LiNbO3 
nanocrystal and an amorphous native thin silicon oxide interlayer. The inset in the lower right corner shows a 
selected area electron diffraction pattern demonstrating the existence of the single crystal hexagonal phase.
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tens to a few hundred nanometers. In addition to this, we also obtained rod-like 
structures with characteristic lengths ranging from 3 to 5 μm. The characterization 
of the prepared LN particles by GIXRD, SEM, and HRTEM techniques revealed the 
single-crystal nature of the synthesized particles.
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